INTRODUCTION
Molecular beam epitaxy (MBE) and pulsed laser deposition (PLD) are generally viewed as techniques capable of producing high-quality epitaxial films. Although both processes typically involve vapor phase deposition of a monomer flux onto a substrate, there are important differences associated with the generation and characteristics of the beam. In traditional MBE the beam is produced by thermal evaporation of a liquid or solid source, yielding a steady state flux with low energy typically 1 eV or less. In PLD a pulsed laser beam is focused onto a target from which, through complex interactions involving melting and plasma formation, a plume of material is ejected. Under typical conditions, the plume contains a partially ionized population of monomers, with a broad distribution of energy ranging from ten to a few hundred eV, as shown in Figure 1b . Deposition of material on a substrate placed in or near this plume occurs in microsecond pulses of high instantaneous flux, often orders of magnitude higher than with steady-state MBE. Significant experimental and theoretical work over the last few decades has provided a good understanding of steady-state MBE growth. Successful kinetic models involve the interplay of the competing diffusional processes for roughening and smoothening. In the case of PLD, the additional complexities of a broad energy distribution and transient effects associated with the pulsed flux have limited the current understanding. Several 'enhanced' MBE techniques have recently been developed which suggest that an energetic and pulsed flux can have important effects on epitaxy: 1) Interrupted (or pulsed) MBE which uses a modulation of the flux to control the supersaturation of monomers on a surface, thereby changing island nucleation rates to produce smoother films [2] . 2) Ion-assisted MBE that incorporates low-energy (30-100 eV) ion bombardment during deposition to affect island nucleation, impurity pinning, vacancy generation and subsurface recoil implantation [3] . 3) Ultrahigh vacuum (UHV) sputtering to produce an energetic flux (10-150 eV) that leads to increased surface mobility, subsurface implantation, and penetration of hydrogenated surfaces [4] [5] [6] .
The open question that our current study seeks to answer is whether PLD, with its energetic pulsed flux, can also produce improved epitaxial films. Recently, kinetic Monte Carlo (KMC) simulations have been conducted that suggest that a lower roughness for PLD at low temperatures [7] [8] [9] . As shown in Figure 2 , at low temperatures the simulations found that an energetic flux produced smoother films, presumably due to the effects of enhanced surface diffusivity of adatoms in the first 5 ps after arrival as well as surface cluster erosion by incident atoms. At high temperatures these effects are less important due to higher intrinsic surface mobility, yielding similar results for MBE and PLD. Additional rate equation models for pulsed and energetic flux are also being developed [10] , which suggest additional effects relating to instantaneous flux and frequency dependence of pulses. Experimental studies [5, 11] of epitaxy via PLD typically demonstrate smoother films, a lower kinetic roughening temperature, and increased critical epitaxial thickness. However these are typically not under ultrahigh-vacuum (UHV) conditions, and compared only to MBE results in the literature (i.e. different chambers). It is commonly known that with MBE, the background pressure, starting surface, and temperature calibration are critical to epitaxy results [5, 12] and comparisons must ensure that these are identical. Until now, detailed experimental comparisons of MBE and PLD under identical conditions have not been conducted.
Germanium (001) homoepitaxy
Germanium (001) homoepitaxy is selected as the model system because of its increasing use in group IV semiconductor technology, and because there is extensive literature on surface preparation and growth of Ge [13] [14] [15] [16] [17] [18] . Extensive MBE investigations of this system show a rich morphology as summarized below. At low temperatures, layer-by-layer growth is initially found, but subsequent growth results in the formation of a mounded morphology followed by a transition to amorphous growth at the lowest temperatures. Both phenomena are believed to arise from kinetic roughening processes, and remain the subject of continued study for both Si and Ge [19] [20] [21] . In our experiments, a substate temperature of 90 to 200˚C and film thickness of 50 nm is chosen to provide a well-developed mound structure that can be readily analyzed and compared in films deposited via MBE and PLD. In the low-temperature regime, a multilayer mounded morphology evolves with increasing film thickness, followed by a transition to amorphous growth.
EXPERIMENT
The same chamber is used for all deposition. It consists of standard equipment associated with MBE, including load-locking, UHV with a base pressure of 7x10 11 Torr, 5-axis sample manipulator, backside tungsten filament heating as well as water-cooled stage. Molecular beam epitaxy is provided by solid source effusion cell, while a quartz window and laser ablation rotating-target system are added to provide pulsed-laser deposition capabilities. Pulsed laser deposition is obtained using a KrF laser (248nm, 22 ns FWHM, 20 Hz), quartz window and rotating target manipulator, with target-to-substrate distance of 2 cm or larger.
Substrates are low-miscut (< 0.5˚, Eagle Picher) Ge (001), cleaved to approximately 1 x 2 cm pieces which, after cleaning, are attached to a molybdenum platen with indium and load-locked into the chamber. Sample surface temperatures can be held between 20 and 800˚C, and monitored with a type-C thermocouple attached to the platen face, as well as with a low temperature infrared pyrometer for temperatures above 400˚C. In-situ analysis is via RHEED to monitor crystal quality flatness, and deposition rate calibration is via ex-situ film thickness measurements and RHEED oscillations. Surface morphology is immediately analyzed ex-situ with tapping-mode AFM in air. Although some oxidation is expected upon removal, little change in film morphology is found for extended periods of air exposure. Surface preparation is based on the methods of Zhang et al. [15] , consisting of repeated cycles of ozone-assisted oxidation, followed by in-situ desorption of oxide in the chamber. A 40 nm buffer layer is grown at the 'magic' temperature of 380˚C, followed by a 500˚C flash anneal [16] . This procedure provides a smooth, vicinal starting surface free from carbon and other contamination that would otherwise act as pinning sites for step motion [17] .
RESULTS
Films of 50 nm were grown homoepitaxially at 0.014 nm/sec via MBE and PLD at various temperatures, using identical sample preparation and chamber conditions. All films show a mounded morphology qualitatively consistent with other MBE studies of Ge (001) homoepitaxy [16] . Films deposited by PLD are consistently smoother for low temperatures, while similar roughness is obtained via MBE and PLD at 200ºC. Power spectral density analysis (radially averaged) shows a characteristic lateral spacing of 250 to 300 nm associated with the mounds in all cases. 
DISCUSSION
These experiments are unique in that MBE and PLD processes have been compared under identical conditions, eliminating effects due to differences in sample preparation, temperature calibration, and vacuum conditions. We find PLD produces high-quality Ge(001) homoepitaxial films that are similar to MBE at high temperatures, but are significantly smoother at low temperatures. This qualitatively supports the KMC results of Taylor et al. [7] [8] [9] for the analogous Si(001) homoepitaxial system (see Figure 2) . While confirmation at a variety of film thicknesses is needed, this work is an important step toward testing their assertion that energetic effects play a dominant role in determining roughness evolution in these systems. The advantages of PLD, particularly in independent adjustments of mean flux, instantaneous flux, pulse rate, pulse width, and energy distribution, make it well suited to address such fundamental kinetic processes associated with epitaxy.
